The use of Life Cycle Assessment (LCA) as a comprehensive tool to assess environmental 23 impacts of bioenergies is recommended. Nevertheless, several methodological points remain 24 at stake, particularly regarding feedstock production step which is a key stage of bioenergy 25
INTRODUCTION
had to adapt our methodology to the specificities of these biomass types. 143
MATERIALS AND METHODS

144
2.1 LCA goal and scope and system description 145
Objectives, functional unit and system boundaries 146
The general objective of the study was to compare the environmental impacts of various 147 feedstock supply chains for a multi-fuelled boiler located in Northern France (Picardy region). 148
This area produces flax and major arable crops, with only few forests or hedges and currently 149 provides flax shives as the main biomass supply for the boiler. The comparison includes 150 scenarios combining various local feedstock types, ruling out wood chips, performed to 151 prevent from flax shives supply deficiencies. 152
The main function of the boiler is to provide heat year-round to various public 153 facilities and housing. Hence the annual heat production of the boiler (10,000 MWh) was 154 chosen as the functional unit. The associated amount of biomass varies across biomass types 155 as a function of their Lower Heating Values (LHVs), reported in Table 1 . Heating losses 156 during combustion were accounted for (5% for flax shives and 20% for other biomass 157 feedstocks).The boiler is designed to be supplied with various biomass types provided they 158 are within an acceptable humidity range of 10% to 20%, the optimum level being 15%. 159
Biomass is fed into the boiler as bales via a conveyor belt or in bulk via an endless screw. 160
For each biomass type, the system included the following steps: field production, 161 harvesting, storage and logistics for delivery to the boiler location site. For flax shives, on site 162 storage of unscutched flax bales and flax fiber transformation were also included. Conversely, 163 the spreading of combustion ashes in the field, the boiler manufacturing and combustion stepwere not included in the studied system. This was justified since the ash production rate (e.g. 165 46 t/year for flax shives) was too low to modify nutrient inputs to the crops present in the 166 cropland surrounding the boiler site (e. g. about 1100 ha for flax grown area). As the boiler 167 construction is the same for all biomass types, it was not necessary to take it into account in 168 the comparison. Finally, biomass combustion and its emissions are not negligible, but we 169 preferred not to assess it, as we did not have the homogenous and reliable enough data to 170 account for them: no data were available for flax shives and several other studies 
Choice of studied biomasses and scenarios 175
To meet the humidity constraints of the boiler, only dry biomasses could be supplied as an 176 alternative to flax shives. Also, these raw materials needed to be produced locally to minimize 177 transport costs. Hence, linseed and cereal straws, miscanthus and triticale as a whole plant 178 were studied. Supply scenarios resulting from various biomass combinations were elaborated 179 with the company operating the boiler to meet their needs and constraints. They are presented 180 Table 2 , with a decreasing proportion of flax shives relative to alternative feedstocks. 181
Supply area characteristics 182
To reduce logistics costs, the feedstock supply area was determined as the surrounding "Small 183 Natural Regions" (SNR) within a radius of 50 km maximum around the boiler location. These 184 geographical and administrative entities areas are characterized by homogeneous soil and 185 weather characteristics. Farm types in these areas were subsequently determined from 2007between crops. Integrating both agronomic (soil and technical) and economic (economic crop 189 value) characteristics of crops already grown on farms, we were able to determine the area 190 that could be sown to biomass crops. Depending on the farm type, we were also able to 191 estimate the potential quantities of straw that could be exported without jeopardizing soil 192 organic carbon content. Overall, the supply area determined above appears to always produce 193 a sufficient amount of biomass for all the supply scenarios, for each biomass type. 194
Crop management assumptions 195
Crop management data are summarized in 
Biomass logistics 199
Various mobilization processes were defined with the supply and storage company experts for 200 each biomass type, depending on the distances between the agricultural fields, the 201 intermediate storage sites (farm storage or collective storage) and the boiler site (Figure 2) . 202
Flax was the only biomass with 100% of production stored on farm. For the other crops, only 203 50% is stored on-farm and the rest in a collective storage. For on-farm storage, a loader 204 follows the tractor and trailer system for each trip to load and unload the trailer, whereas for 205 the collective storage one loader loads biomass on the field and another loader unloads it at 206 the storage site. 207
Choice of indicators 208
In this study we considered the following mid-point impact categories and reference 209 substances: abiotic depletion (kg Sb-eq), acidification (kg SO 2 -eq), eutrophication (kg PO 4 eq), global warming (kg CO 2 -eq), ozone depletion (kg CFC-11-eq), terrestrial ecotoxicity (kg 211 1,4-DB-eq), photochemical oxidation (kg C 2 H 4 -eq) and energy consumption (corresponding 212 to renewable and non-renewable energy consumption, MJ). As toxicity and ecotoxicity are 213 usually impact categories less reliable than others in LCA studies (Reap et al., 2008) , we 214 preferred to work only with one of those categories (terrestrial ecotoxicity), instead of 215 artificially give more weight to toxicity categories by including many of them in the present 216 study. Thus we considered terrestrial ecotoxicity as the representative impact category for all 217 the toxicity impact categories. 218
Allocation assumptions 219
The various studied systems contain several processes yielding more than one product or by-220 product (for example flax straw produces flax shives, long fibers, tows and seeds). Thus, it 221 was necessary to allocate environmental impacts and to choose the appropriate allocation 222 assumptions. Flax shives, the reference biomass, has a much lower economic value than flax 223 long fibers. We thus considered that flax scutching is only performed to produce long fibers to the effects of mineral and organic fertilizer inputs on soil nitrification and 244 denitrification activities, and were determined from ADEME (2010) with a 1% 245 emission factor. The latter also applied to the fate of crop residues. Indirect N 2 O 246 emissions are related to N losses from the cultivated field through leaching and NO 247 emissions, and were calculated from IPCC (2006) . 248
• The emissions of NH 3 to air were obtained by using emission factors from Institut de 249 l'élevage (2010) amounting to 2% of N inputs from ammonium nitrate and 8% of N 250 inputs from urea ammonium nitrate. For this study we did not consider other forms of 251 nitrogen fertilizers. 252
• For the emission of NO 3 -to water we used a nitrogen balance method adapted from 253
• The emissions factor for NO emissions was derived from ADEME (2010) from field 256 studies in Northern France. The factor was set at 1% for winter crops and 2% for 257 spring crops. 258
• Phosphorus emissions in water by leaching, run-off and erosion were estimated 259 according to Nemecek and Kägi (2007) . Phosphorus emission by erosion requires an 260 estimation of the amounts of eroded soil, which was determined by the Universal Soil 261
Loss Equation (Weischmeier & Smith, 1965) . The equation was parameterized with 262 local soil, climate and crop data. Each combination of soil, crop, and crop rotation 263 type occurring within the studied area was weighed by its own area. 264
Unfortunately, none of the above methods were suitable for miscanthus. We thus used 265 emission factors from a modeling approach by Bessou (2009) in the same region, which are 266 thus specific to miscanthus and to our study area. 267
In order to estimate pesticides emissions and carbon sequestration, the biophysical 268 models AMG and Pest-LCI were used. Their respective inputs and outputs are summarized in 269 Table 4 . Pest-LCI simulates the fate of pesticide to assess emissions during application and 270 post-application, from soils and crop leaves. To do so, it models the fate of each fraction of 271 pesticide reaching a compartment of the simulated system (air, crop, soil surface, water 272 drainage system and groundwater). It accounts for the soil and climate conditions as well as 273 bio-physico-chemical properties of the pesticide molecule, and simulates the following 274 processes: volatilization from crop leaves and topsoil, wind drift loss, runoff, soil 275 biodegradation and pesticide leaching in soil (through the characterized horizons). AMG is a 276 dynamic model that simulates the evolution of the humified organic matter over time, 277 accounting for inputs from crop residues and their humification and mineralization rates. The 278 initial soil organic carbon content, which is a very sensitive parameter, was determined aftertypical pairs of crop rotation and soil types from a regional project using plot measures on the 280 evolution of organic matter in arable soils (Duparque et al., 2011) . The variations in soil 281 carbon content over 20 years were thus simulated. To have parallel and coherent simulations 282 between pesticide emissions and soil C sequestration, the same soil types were distinguished 283 for the two simulations sets. Pest-LCI model was run with a mean weather year from 20-year 284 serie of past weather data (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . 285
The AMG and Pest-LCI models were again not adapted to miscanthus. We thus used a 286 carbon sequestration value of 0.6 t C ha shives. Miscanthus and cereal straw had a similar LCA profile except for global warming. 312
Miscanthus was actually a net GHG sink -due to its high soil carbon sequestration rates, 313 which more than offset the GHG emissions related to crop cultivation and biomass transport 314 and storage. This only occurred with miscanthus, which was consistent with our hypothesis 315 that miscanthus always replaces arable crop and never comes instead of a pasture or other 316 perennial crop. 317
Contribution analysis 318
Overall, transportation and fertilization were the top 2 contributors for all impacts for all 319 feedstocks, except for flax shives for which the scutching step was also a key step, 320 contributing 26% of the photochemical oxidation (PO) impact (Figure 4 and Figure 5 ) with a 321 similar profile across feedstocks . The respective contribution of transport and fertilization 322 varied across feedstocks. Transport contributed more than 75% of the abiotic depletion (AD),the same impacts for triticale. In fact, these impacts are strongly related to fossil energy 325 consumption such as diesel fuel for transportation or natural gas for fertilizer production. 326
Fertilization was the major contributor to the acidification (AC) impact for flax shives 327 (53%), miscanthus (62%), cereal straw (70%) and triticale (76%). This is mostly due to the 328 emissions of ammonia occurring upon the application of fertilizer N, which was highest with 329 triticale and lowest (by a factor of 20), for linseed straw ( Table 5) . As a result, linseed straw 330 was the only feedstock for which transport predominated in the acidification impact, with a 331 64% share compared to 30% for fertilization. Acidification during transport arises from the 332 consumption of diesel by farm machinery and trucks. Regarding eutrophication, fertilization 333 contributed 77% (linseed straw) to 97% (flax shives) of the impacts, due to the emissions of 334 reactive nitrogen and phosphorus emissions to water (via leaching, run-off, and erosion) and 335 air (ammoniac) during biomass production. The contribution of other steps was negligible 336 compared with fertilization. Similarly to ammonia, the emissions of nitrates and P were 337 highest for triticale and lowest for linseed straw (Table 5) . 338 
Comparison of supply scenarios 375
Results of supply scenario comparison are presented in index base 100 where reference is S1. 376 Figure 8 compares the 6 supply scenarios tested, using the first one (100% flax shives) as a 377 baseline. Supply scenarios with the largest share of flax shives (S1 and S2) had the lowest 378 impacts except for global warming. In accordance with the feedstock comparison results, 379 supply scenarios containing miscanthus (S5 and S6) are the only ones with a global warming 380 impact smaller than the baseline (-55% for S6 and -25% for S5). This is due to the inclusion 381 of carbon sequestration under miscanthus. However, S5 and S6 to a larger extent present high 382 impacts all other categories. Overall, scenario S6 bears the highest impacts for six impact 383 categories out of eight. 384
Sensitivity analysis 385
Because three feedstocks assessed here are by-products with low cost, the allocation 386 procedure may affect LCA results. Using mass-based allocation rather than economic 387 allocation strongly influenced the comparison between feedstocks (Erreur ! Source du 388 renvoi introuvable.). The impacts of miscanthus and triticale became lower than those of by-389 products, because allocation ratios changed drastically. For example, with mass-based 390 allocation, the affectation between cereal grains and cereal straw is 87% to grains and 13% to 391 straw, whereas with economic allocation this affectation is 98% to grains and 2% to straw. 
Modelling approach for direct emission assessments 420
Relevance of considering carbon sequestration and of using AMG 421
Here, we assessed the contribution of biomass crops to soil C variations by modelled Soil 422
Organic Carbon (SOC) dynamics. It differs from the approach of Nemecek and Kägi (2007) 423 which is based on the C content of the biomass exported from the field, considering it a sink 424 for atmospheric CO 2 . This implies that all the emissions of biogenic C should be tracked and 425 accounted for in the life-cycle of the product derived from this biomass, which is better in 426 terms of temporal effects but challenging (Rabl et al., 2007) 
Model integration in LCA 465
This study showed the relevance of using complex emission models in the life-cycle inventory, to 466 account for the characteristics of the feedstock supply area instead of using default emission factors.
467
This approach makes it possible to integrate diversity in supply areas in agricultural LCA, and to 468 better take into account geographical aspects in decision-making. This was also emphasized by Beyond methodological aspects, the present LCA study also produced specific results for 499 biomass supply for the Lin 2000 company. Indeed, the flax shives which are the main product 500 currently used as fuel for the boiler also proved least impacting on the environment compared 501 to alternative biomass sources. For flax shives, the company was also able to identify the 502 main routes to improvement it could develop, regarding mainly logistics and inner energy 503 consumption during flax processing. Regarding more precisely flax production in the field, a 504 special attention needs to be paid to fertilization which is the main contributor to most of 505 impact categories. Nitrogen fertilization can be optimized in field thanks to precise N 506 balances over years, and surveying tools during crop growth to trigger applications. The 507 comparison of supply scenarios gives the company additional information to choose between 508 biomass sources that could complement flax shives. Thus, depending on the impact category 509 which appears as a priority, one scenario can be preferred to another. For example, if climate 510 change is set as the most important one, scenarios with miscanthus and cereal straw (S6 and 511 S5) are the least impacting. From a practical perspective, technico-economic criteria should 512 also come into play when changing feedstock supply. Thus, information provided by LCAshould be combined with data on the availability of feedstocks and the associated risks. If the 514 feedstock with the least GHG emissions, miscanthus, is not already grown within the supply 515 area, cereal straw would certainly be preferred, as it is already available. For linseed straw, 516 the available quantity within the studied area can only supply a limited fraction of the boiler's 517 demand (about 10%, as specified in scenario S2). Moreover, linseed straw shows high 518 harvesting and logistics costs (Savouré, 2011) making it a rather costly biomass source. Thus 519 linseed straw, whose environmental impacts are very similar to flax shives, will only be a 520 partial alternative to flax shives. Overall, the choice of biomass sources remains a multi-521 criteria issue, including not only environmental, but also technico-economic and sociological 522 aspects (such as the willingness of farmers to grow new dedicated energy crops). 
